ABSTRACT Four mark-release-recapture experiments were conducted from May to September 2000, to construct a 3D dispersal model for aster leafhopper (Macrosteles quadrilineatus Forbes). In the laboratory, ßight mills and an optical sensor were used to measure the effects of ßuorescent dust and rabbit protein marking on ßight activity of aster leafhopper. No signiÞcant differences in proportion of leafhoppers ßying, distance ßown, average ßight speed, or wing-beat frequencies were observed among marked leafhoppers versus unmarked controls. Leafhoppers were sampled in a grid pattern around a central release point of marked leafhoppers to estimate the patterns of leafhopper abundance and the distribution of dispersal distances. Geostatistical analysis of numbers of aster leafhopper adults captured by vacuum sampling in the grid pattern around a central release point was used to examine differences in dispersal pattern among crops. The spatial correlation range was Ϸ200 m for lettuce but only Ϸ35 m for endive. These differences in spatial pattern suggest leafhoppers disperse more slowly from lettuce plants, preserving aggregations over longer distances. The proportion of leafhoppers recaptured at various distances from a release point was modeled using a normal distribution for dispersal perpendicular to the wind and a Gumbel distribution for dispersal parallel with the wind. Goodness-of-Þt tests indicated that both distributions Þt Þeld observations well. For all recaptured leafhoppers, the average distance from the release point was 53.6 m and the average distance for dispersal perpendicular to the wind was 17.6 m. The average distances moved parallel to the wind of those leafhoppers dispersing upwind and downwind were 12.1 and 43.9 m, respectively. The dispersal model will be used in spatially explicit simulation of aster yellows epidemiology.
ASTER YELLOWS, A SPORADIC disease of vegetable crops including carrots, celery, and lettuce in the Great Lakes region of North America, is caused by a phytoplasma transmitted by the aster leafhopper, Macrosteles quadrilineatus Forbes (Drake and Chapman 1965 , Chapman 1973 , Chiykowski 1973 . Because the leafhopper vector is responsible for distributing the phytoplasma among plants, understanding the movement characteristics of aster leafhoppers among plants within Þelds and among Þelds is important when designing control strategies (Hoy et al. 1999) . The importance of dispersal in insect population dynamics, however, is often ignored in the formulation of integrated pest management programs (Byrne et al. 2000) .
The spatial pattern of aster yellows within lettuce Þelds can be affected by vector dispersal among plants (Madden et al. 1995 , Hoy et al. 1999 . Aster leafhoppers move, however, at scales ranging from centimeters (Hoy et al. 1999 ) to thousands of kilometers (Chiykowski and Chapman 1965, Meade and Peterson 1967) . In Ohio, early spring populations were estimated to be composed almost entirely of leafhoppers migrating from the Gulf Coast Region of North America (Chapman 1971 , Teraguchi 1986 , Hoy et al. 1992 . Dispersal among Þelds after arrival, however, may largely determine the incidence of aster yellows within a vegetable production area.
Following movement in the Þeld is very difÞcult for small insects such as aster leafhoppers (Daniel and Wallen 1986) . Laboratory observations, however, can assist with quantifying important ßight parameters. Flight mill observations and measurements of wingbeat frequency with an optical sensor have both supplied laboratory evidence for the potential range of insect ßight (Taylor et al. 1992, Moore and Miller 2002) . To understand the movement of populations in the Þeld, however, mark-release-recapture (MRR) remains a preferred method (Okubo 1980 , Kareiva 1983 , Turchin 1999 ). To date, many dispersal models have been developed to quantify the relationship between proportion of a dispersing population and distance from their source (Freeman 1977 , Taylor 1978 , Turchin and Thoeny 1993 . In this paper we report the results of experiments designed to construct a 3D distribution model of aster leafhopper dispersal in a vegetable production area. This dispersal model will become an important component of a spatially explicit simulation model of aster leafhopper population dynamics and aster yellows epidemiology.
Materials and Methods
Laboratory Observations of Flight Behavior. In the laboratory, groups of 30 leafhoppers were marked with either rabbit protein (Sigma Chemical Co., St Louis, MT, No. I5006) or ßuorescent dust (Rocket red, DayGlo Color Corp., Cleveland, OH) to quantify impacts of the marking method on ßight behavior. For the rabbit-protein marking technique (Hagler 1997 ), 1 ml of 1.0 mg/ml rabbit IgG was measured into a small transparent plastic cup, which was gently shaken until the solution evenly covered the bottom. The cup was sealed with a lid and 30 leafhoppers were transferred with an aspirator through a hole in the side of the cup, which was then sealed with a rubber stopper. The cup was then placed under a light, bottom side up, for 10 min. The leafhoppers contacted the rabbit protein when they moved upward toward the light. This procedure was also followed for the ßuorescent dust marker; 1 g of dry dust was added to the bottom of the cup. The two groups of 30 marked leafhoppers and an additional group of 30 unmarked leafhoppers were caged on two aster yellows-infected Romaine lettuce (Lactuca sativa variety longifolia Lam.) plants. The cage was located in a windowless room under a 430 w high-pressure sodium light bulb (Philips Lighting Co., Somerset, NJ) at 16:8 (L:D) with ambient temperature Ϸ20ЊC. After 10 d, the cage was thoroughly inspected; all leafhoppers were alive. Under ultraviolet light (Blak-Ray, Ultra Violet Products Inc., San Gabriel, CA), the ßuorescent powder still on the dust-marked leafhoppers could be seen easily. These initial observations indicated that the marking procedures have little effect on leafhopper survival.
Flight-mill Analysis. Flight speed and duration for untreated control, ßuorescent dust-marked, and rabbit protein-marked leafhoppers were measured by gluing leafhoppers to ßight mills designed for small insects (Taylor et al. 1992) . Each ßight mill consisted of a needle suspended by a magnet so that it could serve as an axle with minimal friction. A capillary pipette with a small bent wire to which the insect was glued at one end and a counter-balance of aluminum foil at the other end was attached to the center of and perpendicular to the needle. When ßying, the insect attached to the wire revolved around the needle. When the aluminum foil counterweight interrupted an infrared beam, it triggered an optical sensor recording revolutions and calculated and wrote to a Þle on an attached computer (IBM Intel 286) the frequency distributions of ßight speed, distance ßown, and ßight-bout length for each leafhopper. Five of these ßight mills were used simultaneously in these experiments. Leafhoppers were held in place with vacuum pressure on organdy mesh under a microscope, and the thin wire was attached with a small drop of fast-drying glue (Stix-All, ElmerÕs Products Inc., Columbus, OH) on the pronotum. All ßight experiments took place between 15:00 and 20:00 under a light level of 5 E/m 2 /s. The ßuorescent dust and rabbit protein-marking treatments were applied 1 h before the leafhoppers were tethered on the ßight mill. The proportion of leafhoppers ßying, average of ßight speed, distance and time of ßight were compared among marking methods with two-sample t-tests (Systat 9.0, SPSS Inc., Chicago, IL). We considered outliers one leafhopper from the control treatment that ßew for 7 h, compared with a maximum of 1.5 h for any other leafhopper, and one leafhopper from the rabbit protein-marked group that ßew at 0.02 m/s compared with a minimum of 0.11 m/s for any other leafhopper.
Flight and Wing-Beat Frequencies. Wing-beat frequencies of and numbers of ßights by leafhoppers marked by the two methods and unmarked leafhoppers were measured with a transient waveform recorder (Moore and Miller 2002 , Qubit Systems Inc., Ontario, Canada) and compared. All leafhoppers used in these experiments were randomly selected from a laboratory colony maintained on oat seedlings. The leafhoppers were marked 24 h before the ßights were measured, using the same ßuorescent dust and rabbit protein marking methods as those used for MRR Þeld experiments (described below). Fifty leafhoppers were selected for marking for each marking method, and 30 of the marked leafhoppers were randomly selected for the experiments. The entire group of 30 leafhoppers was placed in a transparent plastic cage to measure ßights. The optical sensor was located under the bottom of the cage and a 6 volt DC ßashlight was Þxed above the top of the cage to provide the light source. These experiments were conducted in a growth chamber at 22ЊC, a temperature conducive to aster leafhopper ßight (Hoy et al. 1999 ). The optical sensor was connected to a computer (Gateway Intel 486) outside the growth chamber with software (Trex 2.0 for windows 95) for recording ßight waveforms. Each ßight above the sensor resulted in a single waveform, from which the wing-beat frequency was estimated. Each group of leafhoppers was observed for 4 h (15:00 Ð19:00). The experiment was repeated once for each of the two marking methods, and an unmarked control group, which also was selected at random from the laboratory colony. The total number of ßights as well as the average wing-beat frequencies was compared among the three groups from the waveforms recorded.
Mark-Release-Recapture Experiments. From June to September 2000, four MRR experiments were conducted; each lasted 3 d. On the Þrst day of each experiment, aster leafhoppers were collected with vacuum insect nets (model BG 72 leaf blower with a net in the intake, Stihl Inc., Virginia Beach, VA) in Þelds of cilantro or dill not sprayed with insecticides and which contained large numbers of aster leafhoppers. Working systematically through the Þeld, two people collected leafhoppers from Ϸ100 m of row and then placed the insects into a screen cage through a sleeve. This process was repeated for Ϸ1.5 h. For all but the Þnal experiment, the captured leafhoppers were separated approximately equally into two screen cages in the Þeld, one cage for each of the two marking methods.
For the Þrst three experiments, both rabbit protein (Hagler and Jackson 1998) and ßuorescent dust were used for marking, each on approximately half of the leafhoppers collected, and the results were compared between the two methods. Only ßuorescent dust was used in the Þnal experiment. For the rabbit proteinmarking procedure, a black cloth was placed over all but one end of the Þeld collection cage and the uncovered end was oriented toward the sun. Leafhoppers tended to move quickly toward the sunlight, collecting on the screen at the uncovered end of the cage. This concentrated the leafhoppers in a relatively small space where they were misted with a Þne spray of the protein solution. Using a compressed air atomizer and working under the black cloth and through an access sleeve at the darkened end of the cage, the leafhoppers were sprayed with 50 ml of 1.0 mg/ml rabbit IgG in distilled water. After application the rabbit protein solution dried quickly. The Þeld collection cage was used for marking with ßuorescent dust. Approximately 30 g of the same dust used in laboratory experiments, measured with a measuring spoon, was placed through a sleeve into the bottom of the cage. Using compressed air and working through the sleeve, the dust was blown throughout the cage, thoroughly covering the inside of the cage and the leafhoppers.
Immediately after marking, the cages holding the marked aster leafhoppers were taken to the Þeld for release. Two screen Þeld tents (2 ϫ 2 ϫ 2 m) were set up at the release point in a commercial Þeld not sprayed with insecticide for at least 1 week. The cages had a zipper door and the edges were buried in soil to prevent leafhopper escape. The cages enclosed enough lettuce plants to allow the leafhoppers to rest and feed. The leafhoppers marked by different methods were placed inside separate Þeld cages. With the Þeld cage door closed, the Þeld-collecting/marking cages were opened and the leafhoppers were gently dumped onto the soil in the center of the cage. As the person releasing the leafhoppers left the Þeld cage through the zipper door, an assistant used a leaf blower to prevent the leafhoppers from escaping before the Þeld cage door was closed and the bottom of the cage was sealed. The leafhoppers were placed in the cage at Ϸ15:00. The rationale for this schedule was that aster leafhoppers are generally active during a crepuscular ßight period, during which a percentage of the population ßies up and out of the plant canopy (Lopes et al. 1995 , Hoy et al. 1999 . We anticipated that the handling and marking could affect this activity and the resulting dispersal. By caging the leafhoppers at this time, any additional activity would have taken place within the cage, and not affect estimates of dispersal distance. On the following morning, before 10:00, the Þeld cages were opened for dispersal of marked leafhoppers. Most of the leafhoppers were on the plants or soil surface at this time. Slowly and quietly, the screen sides of the Þeld cages were gently rolled up and pinned in place. Any leafhoppers on the screen sides were gently brushed off onto neighboring plants. During the late night and morning hours ßight activity was minimal (Lopes et al. 1995 , Hoy et al. 1999 . By releasing the leafhoppers in the morning and recapturing them the following morning, we expected the displacement resulting from one dayÕs dispersal occurring primarily during the afternoon, evening, and early part of the night.
A grid of sampling sites for recapturing the marked leafhoppers was marked before the leafhoppers were released from the Þeld cages; we used red ßags to mark plots so as to avoid attracting the leafhoppers. The resampling pattern varied among sampling dates, as we experimented with a pattern that was both efÞcient and produced enough recaptures to fully characterize the pattern of dispersal (Fig. 1) . On 29 June, the recapture grid was laid out in a radial pattern, with four transects extending through the release point, each at a 45-degree angle to the neighboring transects. On 19 July and 8 September, recapture locations were marked on a regularly spaced 10 by 10 m grid, with 356 sample points. On 19 July, all the samplings were from lettuce. On 8 September, beside lettuce, some samples were from other crops. On 9 August the recapture locations were marked on a 50 ϫ 50-m regularly spaced grid involving several crops. The leafhoppers were released in onions rather than in lettuce crop used in the other three MRR experiments. The resampling grid was large enough in this case to extend to neighboring Þelds.
On the morning following the release of leafhoppers from the Þeld cage, sampling began at Ϸ11:00 and Þnishing by Ϸ15:00. For each of the sampling locations described above, all insects were removed from a 2 ϫ 2-m square area around the ßag marking the center of the recapture location with a vacuum insect net. Recaptured leafhoppers were transferred to labeled plastic bags at the sample site, placed in a cooler, and taken to the laboratory for examination. Hourly averages of temperature, humidity, and wind speed and direction were recorded throughout the experiment at a weather station maintained at the Ohio Agricultural Research and Development CenterÕs Muck Crops Branch Farm, which was within 1 km of each of the release sites.
In the laboratory, leafhoppers were frozen in the plastic bags, then counted and separated by sex. The recaptured leafhoppers were inspected under a microscope and ultraviolet light to detect those marked with ßuorescent dust. Remaining leafhoppers were transferred into labeled Eppendorf tubes and stored in a freezer at Ϫ20ЊC until they were tested for rabbit protein by double antibody sandwich ELISA. For all but the 19 July experiment, the leafhoppers were stored and tested individually. For the 19 July experiment, 7535 leafhoppers were recaptured. Large numbers of leafhoppers were captured along the eastern edge of the sampling grid near a Þeld of lettuce with a large population of leafhoppers. We tested groups of at most 24 leafhoppers for 12 of the sampled locations October 2003 ZHOU ET AL.: DISPERSAL OF M. quadrilineausalong the east edge of the Þeld, locations where we collected Ͼ30 leafhoppers. Using leafhoppers marked with rabbit protein in the laboratory, we found no signiÞcant differences between the ELISA value of one rabbit protein marked leafhopper and one rabbit protein marked leafhopper grouped together with 23 unmarked leafhoppers. If the ELISA value of an individual or group was larger than the mean plus two standard errors of the negative control, then the individual or group was considered to have been rabbit protein marked. For the group tests, we just found two groups were positive and the ELISA values were all within the mean plus one standard error. Therefore we estimated that each of the two groups contained just one marked leafhopper. Geostatistical Analysis. Data for numbers of leafhoppers captured in each sample and the sample spatial coordinates were analyzed using geostatistical methods. The objective was to describe spatial correlations of population densities in the Þeld and compare these correlations among different leafhopper host crops. Lag distances between pairs of samples were determined by the recapture grid pattern used, using the coordinates for each sample location in the grid. Geostatistics can be used to test the hypothesis that, on average, samples close together have more similar values than those that are farther apart (Liebhold et al. 1991) . GSϩ Windows 2.0 (Gamma Design Software Company, Plainwell, MI) was used to Þt models to semivariances, r(h), as a function of lag distance, h,
where N(h) is the number of pairs of points separated by h, and z(x i ) is the population density at the related location. The models, as well as the ranges of spatial correlations, were compared among crops and release Þelds. We infer that differences in range, the smallest lag distance above which the semivariance remains constant and samples are considered to be uncorrelated, would indicate differences in dispersal rates in the Þeld. Smaller range could indicate more frequent dispersal at greater distances, and therefore a spatial structure that is less dependent on densities at nearby sites. The geostatistical analysis could, therefore, support information from the MRR experiments.
Dispersal Model. Proportion of the total marked and recaptured leafhoppers was modeled as a function of distance from the release point with the Gumbel and normal probability density functions for dispersal parallel with and perpendicular to the average wind direction for the experiment, respectively. The cumulative Gumbel distribution function is,
where x refers to the distance parallel with the wind, and a and b are parameters estimated from the sample mean and variance. The cumulative normal distribution function is,
where y refers to the distance perpendicular to the wind, and v is calculated as the sample variance of recaptured leafhoppers. Mean displacement perpendicular to the wind is assumed to be zero. The parameters estimated from the four data sets describe dispersal at the wind speed observed in the four experiments (Table 3 ). The averages of the 24 hourly average wind speeds and directions after each release were used to determine the wind direction and speed for the model, Ϸ8 kph in each case. To estimate a dispersal function for lower wind speeds, we restricted the data set to the recaptures assumed to be least affected by wind, those within 30 m of the release point perpendicular to the wind and 50 m parallel with the wind. Kolmogorov goodness-of-Þt tests were used to evaluate the Þt of the probability distribution models to the Þeld data from all four MRR experiments. The cumulative proportions of recaptured leafhoppers at Þve distances from the release point parallel with wind direction were calculated to compare with the predicted proportions from the Gumbel distribution model. The cumulative proportions of recaptured leafhoppers at Þve distances from the release point perpendicular to the wind direction were compared with the proportions predicted from the normal distribution. If the largest differences between the predicted and observed proportions in both directions fall within the range given by a 95% conÞdence level, according to the Kolmogorov goodness-of-Þt test, we accepted the Þt between models and observations.
Results
Laboratory Observations of Flight Behavior. Of 350 leafhoppers tethered on ßight mills, 35 ßew (15 males and 20 females, Table 1 ). No signiÞcant differences among treatments were observed in the proportion of leafhoppers ßying, ßight durations and ßight speeds (two-sample t-tests, 0.4 Ͻ P Ͻ 0.6). Tethered ßight is limited by Ôparasitic dragÕ, which describes the additional effort needed to initiate and maintain ßight on the mill, even when friction is minimal (Taylor et al. 1992) . If these parasitic effects are too great, the insect may never succeed in initiating ßight, or may stop ßying long before any normal threshold for quitting ßight is exceeded. This may explain the variability in ßight parameters as well as the low proportion of leafhoppers ßying on the ßight mills. When ßights were allowed to occur inside a cage and recordings were made with an optical sensor, no signiÞcant differences (two-sample t-tests, P Ͼ 0.5) among the unmarked and the two marked groups were observed in total number of waveforms recorded or in wing-beat frequencies (Table 2) .
Geostatistical Analysis. The leafhopper spatial correlation range was greater for releases in Þelds that contained more lettuce ( Fig. 2a and b ) and smaller for a Þeld where lettuce was alternated with endive and escarole (Fig. 2c) . The variograms in Fig. 2aÐ c were isotropic, which did not reßect directionality in the differences between pairs of data points. The alternative, an anisotropic variogram, would only consider correlation among sample points separated by different distances in a single direction. We Þt an anisotropic model to the data for lettuce and also to the data for endive and escarole in this Þeld, with the direction running with the rows. In lettuce, we found a greater spatial correlation range (Fig. 2d) than in the isotropic model (Fig. 2c) . Spatial correlation was not found in endive and escarole at any distance between samples, indicating that the endive and escarole was responsible for the difference in the variograms among the Þelds.
Mark-Release-Recapture Experiments. When analyzing data for all four MRR experiments together (Table 3) , no signiÞcant differences were observed between the rabbit protein and ßuorescent dust marking techniques. We recaptured 106 ßuorescent dustmarked leafhoppers out of Ϸ48,000 released and 88 rabbit protein-marked leafhoppers out of Ϸ45,000 released. Fluorescent dust was much easier to detect, requiring only ultraviolet light and a microscope.
As is commonly observed in such studies, more marked leafhoppers were recaptured close to the release point than farther away ( Fig. 3a and b) . The average dispersal distance of all recaptured leafhoppers from the release point was 53.6 m. On 17 July, we recaptured 23 marked leafhoppers at one location that was 175 m away from the release point, potentially an outlying data point. Considering the ßight capacity and dispersal behavior of aster leafhopper, we consider such a wind-aided dispersal event to be entirely possible. Therefore, we included this datum in the analysis. The distribution of counts perpendicular to the wind was approximately symmetrical, therefore direction has not been included in Fig. 3a ; rather, all recaptures were simply plotted as a function of distance perpendicular to the wind from the release point. The distribution of counts parallel with the wind was skewed, however. More leafhoppers were recaptured at greater distances downwind (positive end of the axis in Fig. 3b ) than upwind (negative end of the axis in Fig. 3b ) from the point of release. Kolmogorov goodness-of-Þt tests indicated that the Gumbel and normal cumulative distribution models Þt the data well for dispersal parallel with and perpendicular to the wind, respectively (Fig. 4) . The test statistic is the maximum distance between the predicted and observed cumulative proportions recaptured. Using ␣ ϭ 0.05, the critical distance for df ϭ 5 was 0.563, and for df ϭ 9 it was 0.43. The maximum distances between predicated and observed proportions for the normal and Gumbel distributions were 0.024 and 0.268 for estimation based on the restricted data set assumed to reßect low wind conditions ( Fig. 4a and b) , and 0.04 and 0.3 for estimation based on the entire data set from all experiments conducted at Ϸ8 kph ( Fig. 4c and d) . Although in both cases the cumulative Gumbel distribution predicted lower than observed counts for a portion of the data ( Fig. 4b and d) , the range over which this occurred was narrow and close to the release point; the maximum distances between predicted and observed did not exceed the critical value, indicating an acceptable Þt. The products of the Gumbel and normal probability density functions can be used to estimate dispersal patterns in all directions from a single point, given distances parallel with and perpendicular to the wind from the point and assuming that dispersal in the two directions is independent (Fig. 5 ).
Discussion
Our ßight mill measurements of aster leafhopper supported previous back-trajectory analyses that suggested aster leafhoppers could ßy at long times over large distances (Drake and Chapman 1965, Hoy et al. 1992) . Back-trajectories for leafhoppers arriving in Ohio suggested that leafhoppers ßying downwind at 850 mb could be transported from the Gulf Coast States to Ohio in 1 d (Carlson et al. 1992 , Hoy et al. 1992 . The ßight mill study veriÞed, even for the nonimmigrant population (all leafhoppers on the ßight-mill study were collected in September, 2000 from the Þeld), that at least some leafhoppers are capable of ßying for sufÞciently long periods to make such longdistance, wind-assisted transport possible. For example, one leafhopper ßew 7919.50 m at 0.31 m/s for 427 min. Both the ßight mill and optical sensor studies indicated that the marking techniques used in the laboratory did not signiÞcantly affect dispersal rates of the leafhoppers. Geostatistical analysis indicated that crop types inßuenced leafhopper dispersal and their resulting spatial distribution. Aster leafhoppers appeared to disperse more quickly and frequently in less-preferred crops, such as endive and escarole; this resulted in a low spatial correlation among samples. Geostatistical analysis within lettuce plantings suggested that leafhoppers dispersed less frequently or for shorter distances in this crop, because spatial auto-correlations extend for greater distances. Therefore, the proportion of leafhoppers recaptured close to a release point in MRR experiments should have been greater if the release was in lettuce rather than endive or escarole, again because aggregations should dissipate more slowly in lettuce. We did not have sufÞcient MRR data, however, to test this hypothesis.
Previous laboratory studies on ßight behavior of aster leafhopper demonstrated that vertical ßights out of the plant canopy were greater for corn than for lettuce, although ßights within the canopy did not differ signiÞcantly (Hoy et al. 1999 ). Lettuce appears to be preferred by aster leafhopper over either corn or endive for feeding and reproduction (Meade and Peterson 1967) . Both our laboratory studies and the Þeld experiments reported here indicate that this difference in response to the host plants leads to differences in spatial distribution in the Þeld. The distribution of distances ßown by dispersing aster leafhopper provides additional insight into the population biology of this highly mobile species. Dispersal over average distances of many meters within 24 h may require the wide host range documented for aster leafhopper (Meade and Peterson 1967, Peterson 1973) , because patches of a particular host species, even in a large scale agricultural production area, tend to be small relative to the average dispersal distance of the leafhopper. This dispersal tendency within habitats coupled with the long-range dispersal previously documented (Chiykowski and Chapman 1965 , Meade and Peterson 1967 , Chapman 1971 , Teraguchi 1986 , Hoy et al. 1992 would suggest very high rates of gene ßow and little genetic structure in populations at scales below continental. Furthermore, despite the apparent preference for some host plants, such as lettuce, host specialization may be unlikely for this species.
Mark-release-recapture experiments are logistically very difÞcult, but currently are the best available means of estimating dispersal rates for small insects like aster leafhopper. Although many dispersal models have been developed, few are being used to guide pest In this study, the Gumbel and normal probability density functions Þt our data well. Combining the two distributions into a three-dimensional dispersal model, we are now working with simulations of aster leafhopper reproduction, development and dispersal among lettuce Þelds to evaluate control strategies at the landscape scale. The information on aster leafhopper dispersal described herein has provided the critical link between a simulation model of aster leafhopper population dynamics and aster yellows within Þelds and a geographic information system that describes the landscape pattern of susceptible crops.
